aerobic conditions 10 .
G. bemidjiensis DSM 16622
T designated as strain Bem T hereafter was initially isolated from sediments of an aquifer in Bemidji, Minnesota, USA, and is classified as an obligate anaerobe because of its growth under the strict anaerobic conditions used for culturing microorganisms that reduce Fe III 9 . Although characterization of the lipid components of this bacterium is limited, hexadecanoic 16:0 and Δ9-cis hexadecenoic 16:1 9c acids, as well as 3-hydroxy tetradecanoic 3-OH 14:0 and 3-hydroxy hexadecanoic 3-OH 16:0 acids, which are major polar lipids and lipopolysaccharide fatty acids, respectively, are common fatty acid components of various Geobacter species 15 . Furthermore, certain Geobacter species produce hopanoid lipid hydrocarbons HCs that have not been quantified in G. bemidjiensis Bem T 16 . The genome of G.
bemidjiensis Bem T includes the tandem clusters pfaDpfaA-pfaB/C and pfaE and oleA, oleB, oleC, and oleD that encode components of the biosynthetic pathway of LC-PUFAs such as DHA and EPA, and the very LC polyunsaturated HC 3Z,6Z,9Z,12Z,15Z,19Z,22Z,25Z,28Z -hentriaconta-3,6,9,12,15,19,22,25,28-nonaene C31:9 , respectively 17 .
Although G. bemidjiensis Bem T produces C31:9 18 , its ability to synthesize LC-PUFAs is unknown. Bacterial LCPUFAs possess multiple bis-allylic hydrogens, which act unexpectedly as antioxidants, and are highly susceptible to oxidation 4, 5, 7, 19, 20 . We hypothesized that G. bemidjiensis Bem T might synthesize LC-PUFAs or LC-HCs, both of which are assumed to function as antioxidants, to protect the cells against oxidative stresses in the presence of oxygen, and accordingly change the lipid composition of the cellular membrane. The objective of this study was to understand how aerobiosis affects the fatty acid composition and turnover in G. bemidjiensis Bem T through anaerobic-to-aerobic shifts.
We analyzed fatty acid and HC components in this strain to determine the relationships between its growth characteristics and lipid and fatty acid compositions. Fig. 1 . Type 1 and 2 cultures were anaerobically incubated for 4 and 6 days, respectively, and type 3 cultures were anaerobically incubated for 4 days and then aerobically for 2 days. After anaerobic culture, type 3 cultures were transferred to sterilized 3000-mL flasks with a porous silicon-stopper and aerobically shaken at 50 rpm for 2 days at 30 anaerobic-to-aerobic shift . Cells were harvested by centrifugation at 7,000 g for 30 min, washed twice with 5 mM NaCl, freeze-dried, weighed, and stored at 80 .
EXPERIMENTAL

G. metallireducens DSM 7210
T served as the reference strain for comparisons of hopanoid lipid contents and was anaerobically cultivated as described above. Shewanella oshoroensis strain osh08 T and Moritella marina ATCC
15381
T strain MP-1 T , both of which produce LC-PUFA and C31:9, were cultivated in Marine Broth 2216 Difco as described previously 22 25 . EPA, DHA, and C31:9 from these bacteria were used as reference compounds.
Measurement of dissolved oxygen concentrations of cultures
The dissolved oxygen DO concentrations of G. bemidjiensis Bem T cultures were measured immediately before Fig. 1 Conditions for culturing G. bemidjiensis Bem T . Type 1 culture, normal anaerobic culture for 4 days; type 2 culture, type 1 culture followed by anaerobic culture for 2 days; and type 3 culture, type 1 culture followed by aerobic culture for 2 days.
Effects of aerobiosis on Geobacter
harvest, using a pH meter type D-55; Horiba Ltd., Kyoto, Japan equipped with a DO electrode type 9520-10D; Horiba, Ltd., Kyoto, Japan according to the manufacturer s instructions.
Extraction of total lipids
Total lipids were extracted from 20-30 mg of dry cells, using chloroform and methanol 26 . Lipids were dried using a stream of nitrogen gas, weighed, and dissolved to 50 mg/ mL in a mixture of chloroform and methanol 2:1, v/v containing 0.01 w/v dibutylhydroxytoluene. These samples were stored at 30 until use.
Preparation and analysis of fatty acid methyl esters
and hydrocarbons Dry cells 2-5 mg and total lipids approximately 2 mg were subjected to methanolysis, using 2 mL of 10 v/v acetyl chloride in methanol at 100 for 1 h. Heneicosanoic acid 100 µg, 21:0; Sigma-Aldrich, Tokyo, Japan was added, and fatty acid methyl esters FAMEs were extracted three times using hexane. FAME fractions included HCs were designated as FAME plus HC fractions 23 . FAME was separated from HCs by one-dimensional thin-layer chromatography TLC with silica gel plates type G60; Merck, Darmstadt, Germany and a solvent system comprising hexane, diethyl ether, and acetic acid, 90:10:1 v/v/v , with slight modifications, as described previously 27 . The primuline solution was sprayed with an all-glass atomizer, and the plates were then visualized under UV light 340 nm . Spots with different R f values, which contained FAMEs or HCs, were recovered from the silica gel using hexane, after scraping them off the plates. Fatty acids and HCs were identified by comparing retention times with those of authentic standards or fatty acids and HCs derived from the reference strains. For this purpose, we used a gas chromatograph GC Model GC-353B, GL Sciences, Tokyo, Japan equipped with a polar capillary column type TC-70, 30-m long, 0.25-mm I.D., 0.25-µm film thickness; GL Sciences Inc., Tokyo and a flame ionization detector with nitrogen as the carrier gas, as described previously 28 . The identities of these components were determined by GC-mass spectrometry GC-MS using a Varian system Model CP-3800 GC and a Saturn 2200 ion trap mass spectrometer; Varian Technologies Japan, Inc., Tokyo equipped with the same column 28 .
FAMEs and HCs were identified using Saturn Software Workstation Version 5.52. When necessary, positions of double bonds of unsaturated fatty acids were determined by a previously reported method employing dimethyl disulfide 29 .
Statistical analyses
All experiments were performed in triplicate, and the mean and standard error of the mean SEM were calculated using Excel software Microsoft . A p-value of less than 0.05 was considered statistically significant. However, when compared with the value in uninoculated media, the differences among type 1, 2, and uninoculated media were not significant. The DO concentration in the culture media might be far below the detection limit of the DO meter used in this study. We thus concluded that type 1, 2, and uninoculated media maintained sufficient anaerobic conditions.
RESULTS and DISCUSSION
The mean dry cell weight was greater in type 3 cultures 141.7 21.7 mg than in type 1 and 2 cultures 56.3 0.9 mg and 55.0 0 mg, respectively 
Fatty acid and hydrocarbon components
The GC profile of the FAME plus HC fraction derived from dry cells after type 1 culture is shown in Fig. 2 . This GC profile is almost identical to that of the FAME plus HC fraction derived from the total lipids of type 1 cultures. Fig. 2 , details below . Various HC species were detected as minor components of the FAME plus HC fraction of G. bemidjiensis Bem T Fig. 2 . HCs with mass fragments at m/z 57, 71, 83 85 , 97 99 , and 113 were considered as n-alkanes or n-monoalkenes 32 . However, with the exception of n-hexadecane C16:0; HC 1 in Fig. 2 and S1 , most normal HCs HC 2 -HC 6 in Fig. 2 were not identified because of undetectable levels of their parent ions. Since the retention time of authentic tetracosane C24:0 was approximately 20.2 min Fig. 2 , the chain length of alkanes HC 1 to HC 6 was probably medium or long. Among HCs, the peak retention time at 36.7 min HC 7 was identified as C31:9, which was the same as that of C31:9 from the two C31:9-producing bacteria S. oshoroensis osh08 T and M. marina MP-1 T data not shown and from the corresponding mass-fragment profile characteristics of polyolefinic carbon chains Fig. 3a and 3b . The detection of C31:9 in G. bemidjiensis Bem T is consistent with the study reported by Sukovich et al. 18 , and strongly indicates the presence of LC-PUFAs in this bacterium because the synthesis of one mole of C31:9 requires two moles of 4Z,7Z,10Z,13Z -hexadec-4,7,10,13-tetraenoic acid 16:4 as a substrate, which is a product and a precursor of EPA and DHA of PUFA synthase 23 . However, no clear peaks corresponding to EPA or DHA were detected Fig. 2 . To detect LC-PUFAs in type 1 cultures, total ion chromatograms with 25-40-min retention times were rescanned using a combination of ions at m/z 67, 79, 91, and ) , where X and Y are the numbers of carbon atoms and double bonds, respectively, and Z indicates the position of the double bond with a cis (c) or trans (t) configuration from the carboxyl end; iso-15:0, iso-branched 15:0; 3-OH, 3-hydroxy; C31:9, all-cis- 3,6,9,12,15,19,22,25,28-hentriacontanonaene. 105 Fig. 3a , which are diagnostic fragment ions of straight chain polyolefinic compounds 23 . At least four very faint peaks unknown peaks, designated as U 1 -U 4 had fragment profiles with ions at m/z 67, 79, 91, and 105, respectively. The retention times of the components U 1 and U 2 were similar to those of EPA and DHA, respectively, but were not the same. These four peaks were therefore considered polyolefinic HCs with shorter chains, fewer unsaturated chains than C31:9, or both. The GC-MS fragment profile of peak U 2 Fig. 3c indicates that the PUFA synthase synthesizes 16:4, which are much shorter PUFAs, and that two molecules of each species are subsequently condensed by the Ole enzyme complex, which is encoded in the ole gene cluster, to produce various polyolefinic HCs, including C31:9, along with the very minor peaks U 1 , U 2 , U 3 , and U 4 . Among the four peaks, only U 3 was detected in type 2 and type 3 cultures data not shown . One possible explanation for why G. bemidjiensis Bem T does not produce LC-PUFAs would be that as soon as PUFAs are synthesized by the Pfa enzyme complex, they may be utilized as substrates for Ole proteins, which produce C31:9 through the head-to-head fatty acid condensation mechanism 18 .
The peak components HC 8 , HC 9 , and HC 10 detected after C31:9 were HCs, which were recovered with C31:9 in a HC fraction from TLC analyses data not shown . HC 8 was identified as hop-17 21 -ene, which is hopanoid with one double bond with specific mass fragment ions at m/z 121, 161, 191, 231, and 367 and a molecular ion at m/z 410 Table 2 , Fig. 4b . These ions are consistent with those of hop-17 21 -ene retrieved from the library data T 16 , the molecular fragment ion profile of hop-17 21 -ene was slightly different from those of hop-21-ene Table 2 . Moreover, the significant fragment ion at m/z 231 of hop-17 21 -ene was detected in G. bemidjiensis Bem T Table 2 , Fig. 4b , and G. metallireducens DSM 7210 T Table 2 . However, no further details of the fragment ion at m/z 231 of hop-21-ene were reported 16 . The peak of the unidentified HC 9 species was detected as a shoulder of the HC 8 peak Figs. 2 and 4a , and the peak of the HC 10 species included a mixture of at least three hopanoids Fig. 4 , reflecting the presence of a diagnostic The mass fragment profiles of C31:9 and the peak U 2 c o m p o n e n t a r e s h o w n i n b a n d c , respectively. Peaks U 1 , U 3 , and U 4 had the same fragment profiles as the U 2 peak and C31:9.
hopanoid mass fragment ion at m/z 191 16, 33 generated from these compounds data not shown . However, these hopanoid-like compounds HC 10 were not identified in the present study.
Fatty acid and hydrocarbon compositions under different culture conditions
The present data provide evidence that G. bemidjiensis Bem T grew in aerobic conditions T 37 , suggesting that the pfa genes are specifically utilized to generate very LC polyunsaturated HCs, such as C31:9. C31:9 acts as an antioxidant in bacteria 23 , and hopanoid lipids act as lipid components of the oxygen diffusion barriers of certain microorganisms 38 . However, C31:9, hop-17 21 -ene, and other hopanoid lipids were present at concentrations insufficient to detect changes in their contents between the three culture conditions Table 1 . Thus, the physiological functions of these lipids in G. bemidjiensis Bem T grown under anaerobic and aerobic conditions should be further studied.
CONCLUSION
The results of this study show that G. bemidjiensis Bem T grew in aerobic conditions after anaerobic cultivation, and the fatty acid compositions were altered in type 3 culture compared with those in type 1 and 2 cultures. LCPUFAs such as EPA and DHA were absent, whereas C31:9 was detectable. This finding indicated that the pfa genes are involved in the synthesis of C31:9. The relative abundance of fatty acids with shorter chain lengths including 14:0 and 14:1 7c , increased in type 3 culture. These results indicate that aerobiosis affects the FA composition and de novo FA synthesis, and that G. bemidjiensis Bem T would therefore be useful for elucidating mechanisms for aerobiosis. Overall, the relationship between the fatty acid composition and aerobiosis in G. bemidjiensis Bem T should be further clarified in future studies.
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